1. The regulation of cerebrospinal fluid (c.s.f.) potassium concentration was studied using the cat choroid plexus isolated in a chamber in situ.
INTRODUCTION
It has long been known that changes in plasma potassium concentration cause relatively small alterations in cerebrospinal fluid (c.s.f.) potassium concentration (Bekaert & Demeester, 1951 a, b). However, the exchange of 42K between c.s.f. and brain or blood is rapid (Katzman, Graziani, Kaplan & Escriva, 1965) . In studies utilizing the ventriculocisternal perfusion technique, acute changes in perfusion fluid potassium concentration are countered by changes in flux that alter the concentration of potassium in the cisternal effluent towards normal c.s.f. values (Domer & Whitcomb, 1964; Katzman et al. 1965; Bradbury & Davson, 1965) . Ames, Higashi & Nesbett (1965) , who collected fluid as it was formed at the choroid plexus, showed that at least part of the regulation of c.s.f. potassium concentration takes place at the choroid plexus during alterations of plasma potassium. This study was undertaken to further delineate the role of the choroid plexus in c.s.f. potassium regulation by use of the in situ isolated choroid plexus (Miner & Reed, 1972) . METHODS Experimental. Cats of either sex, body weight 2-5-3-5 kg, were anaesthetized with sodium pentobarbitone, 32 mg/kg, intraperitoneally. A tracheotomy was performed and the animal was maintained on artificial respiration throughout the experiment. The femoral artery was cannulated for monitoring blood pressure and for collecting blood samples. The femoral vein was cannulated to permit intravenous administration of supplemental anaesthetic and infusion of 154 mmi-KC1 when hyperkalaemia was desired. Body temperature was maintained near normal with an electric heating pad. The choroid plexus was isolated in a chamber in situ as described by Miner & Reed (1972) . In brief, the method requires an extensive unilateral craniotomy, removal of the cerebral cortex overlying the left lateral ventricle and exposure of the choroid plexus within the lateral ventricle. An appropriate segment of the plexus is then separated from its underlying connective tissue attachments and isolated within a chamber.
Collection of chamber fluid. After completion of the isolation procedure all the fluid in the chamber was removed and 50 jl. artificial c.s.f. (described below) was added to the chamber. The artificial c.s.f. was covered by a layer of liquid petrolatum to eliminate fluid evaporation. At the end of a 30-min collection period all the fluid beneath the liquid petrolatum (designated chamber fluid) was removed from the chamber and the collection procedure repeated as long as the preparation was stable. i.e. adequate blood pressure, plexus blood flow and fluid secretion rate. The chamber fluid includes both the 50 ,sl. fluid that was added at the start of the collection period and the fluid that was secreted by the choroid plexus during the collection period. An arterial blood sample (0-3 ml.) was obtained at the midpoint of each collection period.
Artificial cerebrospinal fluids. The artificial c.s.f. described by Merlis (1940) This may not be absolutely correct but it is not important for the purposes of this presentation whether the change in the quantity of the substance in the chamber is expressed as a flux or as a change in concentration in the new fluid. The formula that was used is:
is the concentration of the substance (sodium, potassium, chloride or protein) in the fluid, V is the fluid volume and the subscripts CF and A refer to chamber fluid and added artificial c.s.f., respectively.
It was determined by graphic analysis of the data that there was not a significant effect of changes in plasma electrolyte concentrations, within the ranges observed, on chamber fluid or new c.s.f. sodium or chloride concentration or the volume of fluid formed. The average rate of fluid accumulation in the chamber was 1-66 ,l./min. The wet weight of the portion of plexus within the chamber was approximately 4 mg. Thus the rate of c.s.f. production by the plexus in these experiments was about 0-4 ul. min-. mg-'. Mean protein concentration of the new c.s.f. was 0-62 g/100 ml. (range: 0-08-1-66 g/100 ml.). These values for fluid production and protein concentration are similar to those found previously using this technique (Miner & Reed, 1972) .
The effects of potassium infusion on plasma sodium and chloride concentrations were determined by linear regression analysis (Snedecor & Cochran, 1967) . The slope of sodium versus potassium is -2-2 + 0-4 (slope + S.E. of the slope; r = 0.784) and for chloride versus potassium the slope is -1-6 + 0-4 (r = 0.652). Table 1 shows the mean values for sodium and chloride concentrations measured in chamber fluid and calculated for new c.s.f. The differences in added ion concentrations (sodium and potassium) in the various artificial c.s.f. caused no significant changes in the sodium and chloride concentrations in chamber fluid or new c.s.f. as determined by analysis of variance (Snedecor & Cochran, 1967) .
The relationship of chamber fluid potassium concentration to plasma potassium concentration is shown in Fig. 1 . Each point on the graph is the mean value for one animal. One to four collection periods with each added artificial c.s.f. were obtained from each animal. The dashed lines, labelled high-K, normal-K and low-K, show the concentration of potassium in the various artificial c.s.f. solutions that were added to the chamber. The continuous lines were calculated by analysis of covariance (Snedecor & Cochran, 1967) . The K+ REGULATION BY CHOROID PLEXUS potassium concentration of the chamber fluid at the end of the collection period is significantly less when low-K c.s.f. is added than when either of the other artificial cerebrospinal fluids is added (P < 0.01). Chamber fluid potassium concentration is significantly greater when high-K c.s.f. is added than when normal-K c.s.f. is added (P < 0.01). Chamber fluid potassium concentration is significantly different from the initial value when either low-K or high-K c.s.f. is added (P < 0 01). The significance of the differences between chamber fluid potassium concentrations were determined by two-way analysis of variance and multiple range test (Snedecor & Cochran, 1967) .
The calculated potassium concentration in the c.s.f. formed during the collection period (new c.s.f.) is plotted versus plasma potassium concentration in Fig. 2 . The plotted points are average values as discussed for Fig. 1 . The slope of the lines is 0-36 + 0.08. The concentration of potassium in the new c.s.f. is not significantly different when low-K or normal-K c.s.f. is added (95 % confidence limits for the difference, K+10" -K+normal, are -015 to + 1-69). The new c.s.f. potassium concentration is significantly less when high-K c.s.f. is added to the chamber than when either low-K or normal-K c.s.f. is added (P < 0 01).
DISCUSSION
There is a continuing interest in the regulation of c.s.f. potassium concentration (Wright, 1972; Johanson, Reed & Woodbury, 1974) . Previously, the technique of ventriculocisternal perfusion has been used to study this problem. With this technique the effects of varying plasma and c.s.f. potassium concentrations can be studied but the site at which regulation occurs cannot be determined. Domer & Whitcomb (1964) found that when varying concentrations of potassium were added to the perfusing c.s.f., the concentration in the fluid collected at the cisterna magna had been altered toward the normal value of 2-86 m-equiv/l. These authors also found evidence that an active process was involved in the removal of potassium from c.s.f. Studies using the ventriculocisternal perfusion of labelled potassium followed by analysis of blood and brain for 42K showed that the majority of label lost from the perfusion fluid was taken up in brain (Cserr, 1965; Katzman et al. 1965 ). Bradbury & Stulcova (1970) studied the clearance of 42K from c.s.f. and separated it into a brain clearance and a barrier clearance. The brain clearance is the portion of 42K lost from the perfusion fluid that is recovered from the brain after a 2 hr perfusion. The barrier clearance is the 42K that passes from the perfusion fluid to blood and is presumably due to passage across the c.s.f.-blood barrier at the choroid plexus or across the brain extracellular R. F. HUSTED AND D. J. REED fluid-blood barrier or both. When the concentration of potassium in the perfusate was less than 1P5 m-equiv/l. the barrier clearance was about 9 % of total clearance but above this level the barrier clearance increased to 37 % of the total clearance at a perfusate potassium concentration of 10 mequiv/l. In subsequent studies, using subarachnoid perfusion, evidence indicating an active potassium pump at the blood-brain barrier that was dependent on perfusate potassium concentration was obtained (Bradbury, Segal & Wilson, 1972) .
The technique used by Ames et al. (1965) , which involves collection of the fluid formed by the exposed choroid plexus of the lateral ventricle, allowed those workers to study the effects of variations of plasma potassium concentration on the concentration of potassium in the choroid plexus fluid. Following production of hypokalaemia or hyperkalaemia the concentration of potassium in the choroid plexus fluid showed a significant degree ofhomoeostasis. This indicated a role of the plexus in c.s.f. potassium regulation. However, it has been suggested that the fluid collected by this method might be of extrachoroidal origin (Welch, 1963) and therefore the role of the choroid plexus in c.s.f. potassium regulation remains to be elucidated.
The in situ isolated choroid plexus technique developed by Miner & Reed (1972) permits the study of fluid formed by the choroid plexus without the possibility of contact with non-choroidal tissue. This technique makes possible the study of alterations of plasma and c.s.f. potassium concentrations in fluid formed solely by the choroid plexus with a 'normal' blood and nerve supply.
Since no effort was made to produce hypokalaemia in these experiments the low plasma potassium in the non-infused cats deserves comment. It has been previously shown that anaesthesia causes a fall in plasma potassium concentration in dogs (Gershman & Marenzi, 1933) and in rabbits (Bradbury & Davson, 1965) . It would appear that the low plasma potassium concentration noted in this study is probably due to anaesthesia. Pollay, Kaplan & Nelson (1973) , utilizing extracorporeal perfusion of sheep choroid plexus, found that the plasma to c.s.f. flux of 42K could be explained by a pump that saturates at a plasma potassium concentration of 3.3 m-equiv/l. In their experiments potassium flux from c.s.f. to blood appeared to be by diffusion only. The processes proposed by Pollay et al. (1973) cannot account for the movement of potassium out of the c.s.f. under the conditions of the experiments reported here. The fact that the net movement of potassium led to a large decrease in the concentration of potassium in the chamber when high-K c.s.f. was added even when the plasma potassium concentration was greater than that in the chamber seems to rule out the possibility that the movement of potassium from the 218 K+ REGULATION BY CHOROID PLEXUS chamber was purely by diffusion. If the movement of potassium when the plasma potassium concentration was greater than 7 m-equiv/l. and high-K c.s.f. was added to the chamber was completely passive the potential across the plexus would have to be from 12 to 20 mV (c.s.f. positive). A potential difference of this magnitude is unlikely in the present experiments for several reasons. Firstly, the increase in the potential difference with increasing plasma potassium concentration that has been reported by several groups (Bradbury & Kleeman, 1967; Cameron & Kleeman, 1970; Bledsoe & Mines, 1975) is 13-17 mV per tenfold change in plasma potassium, too small to account for an increase in potential difference of the magnitude required. Secondly, it has been reported that when the c.s.f. potassium concentration is increased the c.s.f.-blood potential difference decreases (Held, Fencl & Pappenheimer, 1964) . Finally, infusion of KCl may cause acidosis and thereby produce an increase in the c.s.f.-plasma potential difference of approximately 10 mV/pH unit (Loeschcke, 1971) to 16 mV/pH unit (Corrie, Hubbard, Thompson & Marshall, 1969) . Thus the plasma pH in these experiments would have to be less than 6-8 (and possibly as low as 5.5). Such values are extremely unlikely.
As further support for the concept that the changes in the potassium concentration of the fluid in the chamber are due to active processes the slopes of the lines describing the regression of chamber fluid and new c.s.f. potassium concentration versus plasma potassium were compared to the slopes predicted on the basis of passive distribution. The potential difference between blood and c.s.f. was assumed either not to vary with the plasma potassium concentration as was found by Held et al. (1964) or to vary with plasma potassium as has been found by other workers (Bradbury & Kleeman, 1967; Cameron & Kleeman, 1970; Bledsoe & Mines, 1975) . The additional assumptions concerning distribution of potassium between plasma and the chamber varied from assuming that the potassium in all chamber fluid is in passive equilibrium with plasma potassium at the end of the collection period to assuming that only the potassium in the fluid formed during the collection period is in passive equilibrium with plasma potassium. None of the predicted curves fits the experimental data. Thus passive distribution cannot explain the regulation of c.s.f. potassium seen in this study.
Regulation of c.s.f. potassium concentration was better when high-K c.s.f. was added to the chamber than when low-K c.s.f. was added. The difference between the starting concentrations of potassium in the high-K or low-K c.s.f.s and the normal-K c.s.f. are approximately the same yet the final chamber fluid potassium concentration is closer to normal when the high-K fluid is added. The concentration of potassium calculated for new c.s.f. shows the difference between the high-K and low-K c.s.f. even R. F. HUSTED AND D. J. REED more clearly. The concentration of potassium in the new fluid when the plexus secretes fluid into a c.s.f. with a high potassium concentration is about one half the concentration when the c.s.f. potassium is normal. When low-K c.s.f. is added there is only a small increase in potassium concentration in the new fluid when compared with normal-K c.s.f. The differences in the slope of c.s.f. versus plasma potassium concentration at different plasma potassium concentrations noted by Ames et al. (1965) also indicate that the plexus is more responsive to a high c.s.f. potassium concentration than to a low one.
Changes in the concentration of potassium on the c.s.f. side of the choroid plexus were found to induce appropriate alterations in new c.s.f. potassium concentration to bring the concentration of potassium in the chamber towards a normal value. However, the changes in potential difference that occur when the c.s.f. potassium concentration is altered are in a direction that opposes potassium regulation (Held et al. 1964) . This further substantiates the concept that active transport of potassium occurs and that the process may be under the control of a mechanism that senses c.s.f. potassium concentration.
